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Cross-Polarization and Sidelobe Suppression
in Dual Linear Polarization Antenna Arrays
Kim Woelders and Johan Granholm, Member, IEEE
Abstract—In recent years, there has been an increasing interest
in dual linear polarization antennas for various purposes, e.g.
polarimetric synthetic aperture radar (SAR) imaging. A key
design goal for dual polarization antennas is to obtain a high
cross-polarization suppression. When using standard techniques
for improving the cross-polarization suppression in dual linear
polarization antenna arrays undesired sidelobes appear. This
paper describes the properties of some known cross-polarization
suppression methods and presents a new method for obtaining
high cross-polarization suppression and simultaneously avoiding
undesired sidelobes.
Index Terms—Antenna arrays, dual polarization antennas.
I. INTRODUCTION
ANY dual polarization antenna is fed using two “ports.”We will consider antennas for which the desired function
is that the radiation pattern is horizontally polarized when
applying a signal to one port and vertically polarized when
applying a signal to the other port. The exact definition of
horizontal and vertical polarization is not essential in this
context. Definition 3 of [1] has been adopted in the present
work.
In an antenna array, a feeding network distributes the signal
from the antenna ports to the individual antenna element
ports. The signal applied to the individual antenna element is
designated the element excitation. The radiation pattern of the
antenna array is determined from the excitations, the spatial
locations, and the radiation patterns of the individual antenna
elements (neglecting mutual coupling effects).
The elements of the antenna array can be of any type that
can be excited on two orthogonal polarizations independently.
In all “real” antenna elements the fields generated by exciting
each of the feed ports will not be purely orthogonal due to a
finite amount of cross polarization. The discussions below are
illustrated using dual linearly polarized square microstrip patch
elements with one feed probe per polarization (see Fig. 1). The
dots mark the locations of the feed probes (ports). A signal
applied at an -port will primarily generate a horizontally
polarized field and a signal applied at a -port will primarily
generate a vertically polarized field.
We will consider antenna arrays consisting of a number of
identical 2 2 element subarrays with different configurations.
The different 2 2 element subarray configurations are shown
in Fig. 1. For each configuration it is shown how a particular
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(a) (b)
(c) (d)
Fig. 1. 2  2 element subarray configurations (a)–(d), each consisting of
four dual polarization probe-fed square patches with one feeding probe per
polarization.
Fig. 2. Coordinate systems.
port should be fed to give all elements in the subarray the same
effective excitation (meaning that the co-polar fields for the el-
ements add in phase toward boresight. Ports marked “ ” must
be fed 180 out of phase with respect to ports marked “ .”
The properties of arrays employing each of the subarray
configurations in Fig. 1(a)–(d) are summarized below and a
formal treatment is given in the following sections.
0018–926X/97$10.00  1997 IEEE
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Fig. 3. Measured radiation patterns for dual polarization patch.
In configuration , the individual elements have the same
orientation. This is considered the baseline configuration. Us-
ing configuration , the array cross-polarization suppression
will be exactly as for the single element (ignoring feed network
contamination).
In configuration , the two rightmost elements have been
mirrored with respect to a vertical plane [2] (where the focus
is primarily on the isolation between the antenna ports and
not on cross-polarization suppression). It has been applied
in several designs (e.g. [3], [4]). Using configuration , the
array cross polarization is improved significantly (particularly
in the vertical plane), but undesired sidelobes will appear in
the horizontal plane.
In configuration , the element mirroring is performed in
the horizontal and in the vertical plane. This configuration
has also been applied in several designs (e.g. [5], [6]). Using
configuration , the array cross-polarization is improved sig-
nificantly, but undesired sidelobes will appear in the horizontal
as well as in the vertical plane.
In configuration , the upper right and the lower left
elements are mirrored with respect to a vertical plane [7].
Using configuration , the array cross polarization is im-
proved significantly and the sidelobe problems experienced
when using configurations and are reduced significantly.
Further improvement of the array performance can be obtained
by repeated application of the configuration principle,
described later as configuration .
II. TERMINOLOGY
In this paper, dual polarization antenna arrays which consist
of a number of antenna elements located in a rectangular grid
in the - plane are considered. The orientation of the spher-
ical coordinate system used to describe the radiation pattern
relative to the rectangular coordinate system used to
describe array geometry is shown in Fig. 2. The direction
perpendicular to the - plane is designated boresight. The
- plane ( , ) is the azimuth plane. The -
plane ( , ) is the elevation plane.
The radiation pattern (electrical far field) from any antenna
can be expressed as
(1)
where and are the horizontally and vertically polarized
components of the radiation pattern.
Superscripts and are used for fields generated by
excitation at the and -ports of an array or array element
(2)
(3)
The cross-polarization suppression is in this context defined
as the ratio between the total and the undesired field compo-
nents in any direction, i.e., when the
desired polarization is horizontal and
when the desired polarization is vertical. When not explicitly
stating a particular direction, the term “cross-polarization
suppression” will be used to refer to the level of the cross-
polarization suppression in the angular region of interest, e.g.,
within the main beam of an array.
Any radiation pattern can be separated into its even and odd
symmetry components with respect to the elevation plane
(4)
It should be noted that in the elevation plane we have
(5)
These even/odd symmetry properties will be used below to
calculate radiation properties for different array configurations.
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(a)
(b)
Fig. 4. (a) Even and (b) odd field components for dual polarization patch.
III. ARRAY PROPERTIES
The radiation pattern of an array of antenna elements can
be found from
(6)
, , and are the radiation pattern, location, and
excitation of the th element in the array, respectively. is
the free-space wavelength. In the following, it is assumed that
all elements are located in the - plane, i.e., , and that
the array center is at .
Fig. 5. 16  8 element array organized as 8  4 identical 2  2 element
subarrays.
If all elements are identical we have
(7)
Authorized licensed use limited to: Danmarks Tekniske Informationscenter. Downloaded on April 13,2010 at 12:57:49 UTC from IEEE Xplore.  Restrictions apply. 
1730 IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 45, NO. 12, DECEMBER 1997
Fig. 6. 8  4 group factor, azimuth and elevation.
Furthermore, if the array is uniformly excited (constant )
and the elements are arranged in a regular grid with
spacing and we find
(8)
The excitations have been normalized such that the sum
of the squared magnitudes is equal to one (conservation of
power).
IV. ANTENNA ELEMENT
All calculated array radiation patterns shown in this paper
are (unless explicitly stated) based on the radiation pattern of
a dual polarization probe-fed stacked microstrip patch, which
was used in an -band SAR antenna [8], [9]. The pattern was
obtained by measurements in a spherical near-field test facility
[10] of a single element on a 0.75 m 0.75 m ground plane.
The location of the feed probes is as shown in Fig. 1(a). During
measurement of the -port pattern the -port was terminated
in 50 and vice versa.
The element radiation patterns and are
shown in Fig. 3 for the azimuth and elevation planes. The
azimuth and elevation patterns including the cross-polar field
are shown for both the case where the patch is fed at the -
port and for the case where the patch is fed at the -port.
Note that the co-polar radiation patterns are asymmetrical in
the plane. This is due to the radiation from the feed probe.
The cross-polarization suppression at boresight for the element
is 25 dB, which is not satisfactory for polarimetric SAR
applications.
The even and odd field components according to (4) are
shown in Fig. 4. The even co-polar field components
and are the dominant ones. The even cross-polar field
components and are primarily due to excitation
of the orthogonal polarization caused by coupling between the
and -ports. The odd -polarization components
and are primarily due to radiation from the feed probe.
The odd -polarization components and are small
and, therefore, not significant. Elements with other physical
characteristics will have different relative magnitudes of the
individual even/odd field components.
V. ARRAY CONFIGURATIONS
We now consider the properties of antenna arrays consisting
of a number of identical subarrays (groups), each containing
2 2 radiating elements (see Fig. 5).
When the radiation pattern of the 2 2 subarray
is known, the array radiation pattern can be found
using (7). As an example a uniformly excited 16 8 element
array (8 4 subarray) is used. In this case, we find
(9)
In the calculations below is used. Fig. 6
shows in the azimuth and elevation planes. Note
the grating lobes occurring in the azimuth plane for
where , i.e., .
In the elevation plane similar grating lobes occur at the same
value of because the same subarray spacing ( and )
has been used in the two directions.
A. Configuration A—Identical Elements
The radiation pattern for the configuration
group [Fig. 1(a)] is found using (6) and is shown in Fig. 7(a)
(10)
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(a)
(b)
Fig. 7. Calculated radiation patterns for 2  2 and 16  8 element arrays; configuration A.
The configuration 16 8 element array radiation pattern
is found from using (9) and is
shown in Fig. 7(b). The pattern is as expected for uniformly
excited and equidistantly spaced arrays of many elements.
With respect to cross-polarization properties it is evident that
for an array built using identical antenna elements, the ratio
between the co- and cross-polar field components is exactly
the same as for the single element.
A three-dimensional (3-D) view of the 16 8 element
array radiation pattern is shown in Fig. 11(a). The 3-D figures
in Fig. 11 show the magnitude of the radiation pattern in a
spherical coordinate system with 0 dBi at the origin, color
coded with the cross-polarization suppression. The black lines
are equimagnitude contours at 5-dB intervals. The thick black
lines are the 10- and 20-dBi contours.
B. Configuration B—The “Single Symmetry” Group
The field generated by the two upper elements of the
configuration group, Fig. 1(b), is considered first. The left
patch is the same as in configuration , whereas the right
patch is the mirror image in a vertical plane of the left patch.
When vertical polarization is desired, the two -ports must
be excited in phase to obtain the same effective excitations of
the two elements. When horizontal polarization is desired, the
two -ports must be excited 180 out of phase to obtain the
same effective excitations of the two elements.
Since the physical properties of the two patches are each
others mirror images, the same must be true for their electrical
properties. It is assumed that the field from the left element
is given by
(11)
If the right element is excited in the same way as the left
element, for symmetry reasons we find that
(12)
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(a)
(b)
Fig. 8. Calculated radiation patterns for 2  2 and 16  8 element arrays; configuration B.
Using the even and odd symmetry properties (4) we find
(13)
The radiation pattern from the upper two
elements is found using (6) and
and
(14)
and are the excitations for the left and right element,
respectively. When horizontal polarization is desired, the -
ports are fed using and when vertical polar-
ization is desired, the -ports are fed using .
Substituting (11) and (13) into (14) for excitation at the
-ports we find (15), shown at the bottom of the page.
Substituting (11) and (13) into (14) for excitation at the -
ports we find (16), shown at the bottom of the next page. The
radiation pattern for the 2 2 element group
of Fig. 1(b) is found by multiplying (15) and (16) with the
(15)
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(a)
(b)
Fig. 9. Calculated radiation patterns for 2  2 and 16  8 element arrays; configuration C.
two-element elevation group factor in (10)
(17)
Azimuth and elevation patterns are shown in Fig. 8(a).
In the elevation plane we have
(18)
(16)
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(a)
(b)
Fig. 10. Calculated radiation patterns for 2  2 and 16  8 element arrays; configuration D.
From (18) it is seen that the field from the two-mirrored
element group in the elevation plane only contains the desired
co-polar field component. In the -polarization case,
(which is the primary contributor to the cross-polar field) from
the two elements cancel each other and similarly with in
the -polarization case. The cancellation is (in theory) exact
in the elevation plane, but also off the elevation plane the
undesired field is suppressed. In the azimuth plane, the cross-
polarization suppression is also significantly improved, but the
cross-polar fields do not vanish.
Comparing Fig. 8(a) with Fig. 7(a) confirms that the cross-
polarization suppression has been significantly improved.
Thus, by pairing the elements two by two as described
above, an antenna array can be designed that has better
cross-polarization suppression than the individual antenna
element.
The configuration 16 8 element array radiation pattern
is found from using (9) and is
shown in Fig. 8(b). The co-polar patterns are very similar to
the ones for configuration shown in Fig. 7(b), except that
in the azimuth plane a pair of sidelobes has appeared. This
occurs at the angle(s) where the group factor
has its grating lobes. The reason for the sidelobes appearing
when using configuration is that while the azimuth radiation
pattern of the configuration 2 2 element group does have
a true null in the azimuth plane for due to the
factor in (10), the configuration 2 2 element group does
not. These sidelobes will in the following be referred to as
“the 2 lobes” because they are due to array properties which
have a spatial resolution of two times the element spacing in
a particular direction. The 2 lobes are most pronounced in
. The magnitude and polarization of the 2 lobes at
depend on the particular element used. In the azimuth plane
for we have
(19)
Authorized licensed use limited to: Danmarks Tekniske Informationscenter. Downloaded on April 13,2010 at 12:57:49 UTC from IEEE Xplore.  Restrictions apply. 
WOELDERS AND GRANHOLM: CROSS-POLARIZATION AND SIDELOBE SUPPRESSION IN ANTENNA ARRAYS 1735
Fig. 11. Calculated 3-D radiation patterns for 16  8 element arrays; configuration A–E. The left and right patterns correspond to feeding at the
H and V -ports, respectively.
From (19) the sources generating the 2 lobes can be iden-
tified.
A 3-D view of the 16 8 element array radiation patterns
is shown in Fig. 11(b). Compared to Fig. 11(a) the cross-
polarization suppression is improved significantly over the
entire main lobe. The 2 lobes in are clearly seen.
The measured radiation pattern of a dual polarization -
band SAR antenna (32 7 microstrip patch elements) built
using configuration is shown in Fig. 12(a) [4]. The array
consists of four 8 7 element panels which are fed using a
( ) amplitude taper. In azimuth the element
excitations are uniform within each panel. In elevation the
excitations are tapered to obtain an approximate modified
cosecant squared pattern. It is seen, that the antenna has the
expected azimuth 2 lobes (the location is determined by
in the -band array). The cross-polar field does
not vanish in the elevation plane, but the cross-polarization
suppression has been improved from 25 dB for the -band
patch element to 30 dB for the 32 7 element array.
The cross-polar field in the main beam is believed to be
caused by a 30 dB coupling between the - and -port
feed networks.
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(a)
(b)
Fig. 12. (a) Measured and (b) calculated radiation patterns for 32  7 element C-band antenna using configuration B.
Fig. 12(b) shows the calculated radiation patterns for the 32
7 element -band antenna. The element radiation pattern
used in the calculations was obtained by measurements on
a single -band patch. Comparing Fig. 12(a) and (b) it is
seen that the level of the 2 lobes is somewhat higher in the
measured pattern. The increased level of the 2 lobes can be
reproduced in calculations if it is assumed that there is a 20
dB coupling between the and -ports of each element.
This coupling may be caused by coupling in the microstrip
feed network or by mutual coupling effects.
C. Configuration C—The “Dual Symmetry” Group
In the configuration 2 2 element group shown in
Fig. 1(c) the principle of mirroring pairs of elements in the
elevation plane is also applied in the azimuth plane. The
radiation pattern can be found in a similar way
as shown for the configuration group (involving azimuth
plane symmetry properties). The result is shown in Fig. 9(a).
It is seen that the “missing null” in the azimuth pattern for
the configuration group now also exists in the elevation
pattern for the configuration group. The cross polarization
suppression is very good; it can be shown that the cross-polar
fields vanish in both the azimuth and elevation planes. Because
the cross-polarization vanishes in the azimuth and elevation
planes, the 2 lobes are co-polar.
The configuration 16 8 element array radiation pattern
is found from using (9) and is
shown in Fig. 9(b). The array pattern now has 2 lobes in both
the azimuth plane ( polarization) and in the elevation plane
( polarization). A 3-D view of the 16 8 element array
radiation patterns is shown in Fig. 11(c).
D. Configuration D—The “Broken Symmetry” Group
We propose the configuration 2 2 element group shown
in Fig. 1(d). The upper element pair is identical to that of the
configuration group, whereas the lower element pair has
the individual elements swapped.
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(a)
(b)
Fig. 13. (a) Measured and (b) calculated radiation patterns for 8  2 element L-band antenna using configuration D.
The radiation pattern for the upper two elements was found
in (15) and (16). The field from the lower two-mirrored-
element group is found by reversing the sign of
(20)
(21)
The radiation pattern for the configuration 2
2 element group can now be found from
(22)
Fig. 14. Configuration E: configuration D applied at 2  2 element group
level.
For excitation at the -ports we find (23), shown at the bottom
of the next page. For excitation at the -ports we find (24),
shown at the bottom of the next page. is shown
in Fig. 10(a).
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Fig. 15. Calculated radiation patterns for 16  8 element array; configuration E.
In the elevation plane the results are exactly as for configu-
ration , i.e., the cross-polar field is canceled. In the azimuth
plane we have
(25)
Comparing (25) with (17) for it is seen that the cross-
polar field suppression is improved because the cross-polar
field components for -port excitation and for
-port excitation have vanished. Furthermore, when used in
an array, the configuration group will not cause 2 lobes in
azimuth, because (by definition) for .
The configuration 16 8 element array radiation pattern
is found from using (9) and is
shown in Fig. 10(b); a 3-D view of the 16 8 element array
radiation patterns is shown in Fig. 11(d). The radiation patterns
have excellent cross-polarization performance and there are no
2 lobes in azimuth or elevation, however, in the pattern
four minor grating lobes appear in the diagonal planes (at
due to ).
The measured radiation pattern of an 8 2 element dual
polarization -band SAR antenna built using configuration
is shown in Fig. 13(a) [8], [9]. The array consists of four
identical panels, each containing a 2 2 element configuration
group. The elements are the ones used for calculations
throughout this paper. The patch feed network, which feeds
the four patches in a panel, was designed to give the patches
the same effective excitations. The panel feed network was
designed to feed the four panels with an amplitude taper
with relative magnitudes (0.6, 1.0, 1.0, 0.6) to reduce the
azimuth sidelobe level. In elevation an element spacing of
was used. The cross-polarization suppression
has been improved from 25 dB for the single element to
40 dB for the 8 2 element array.
The calculated result obtained by multiplying the four
element group pattern (modified for
) by the appropriate group factor is shown in Fig. 13(b).
The measured pattern does not have the predicted nulls in
elevation for . The reason is that the ground plane for
the real antenna only extends 0.15 beyond the edges of
the patches, causing the radiation patterns for the upper and
(23)
(24)
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(a)
(b)
Fig. 16. Calculated radiation patterns for tapered 16  8 element array. (a) Configuration C. (b) Configuration E.
lower patches to be perturbed in opposite directions. This is
also believed to be the reason why the cross-polar fields in
azimuth are higher than predicted.
E. Application of Configuration at 2 2
Element Group Level
It is possible to make further improvement of the radiation
pattern by applying the configuration principle at the 2
2 element group level, e.g., as shown in Fig. 14. This
configuration is designated . The plane of symmetry used
for mirroring is now the azimuth plane.
The azimuth and elevation radiation patterns of a 16 8
element configuration array is shown in Fig. 15 and a 3-D
view of the 16 8 element array radiation patterns is shown
in Fig. 11(e). Comparing Fig. 15 with Fig. 10(b) it is seen that
for the azimuth pattern, the cross-polar field suppression
has been improved as the cross-polar fields also vanish in the
azimuth plane. The 3-D patterns show that there are no longer
any undesired sidelobes.
F. Tapered Excitations
Previously, uniform excitations have been assumed for all
elements in the arrays (except that a panel taper was applied in
the implemented - and -band antennas and that an elevation
taper was applied in the implemented -band antenna). In
many applications it is desirable to taper the excitations in
azimuth as well as in elevation. Fig. 16 shows the radiation
patterns for a 16 8 element array where a Taylor taper has
been applied in azimuth and elevation using configurations
and . Note, that in this case, neighboring elements, in
general, do not have identical effective excitations.
Comparing Fig. 16(a) and (b) with the corresponding uni-
formly excited cases (Figs. 9(b) and 15) shows that the qualita-
tive properties with respect to suppression of cross polarization
and undesired sidelobes are the same.
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VI. SUMMARY AND FINAL REMARKS
Various methods for improving the cross-polarization sup-
pression in dual linear polarization antenna arrays and their
properties with respect to generation of undesired sidelobes
have been discussed. Using simple techniques involving mir-
roring individual radiating elements or groups of elements,
cross-polarization suppression can be improved substantially
compared to the properties of the single element and undesired
sidelobes can be avoided. Applying a taper to the element
excitations does not change these characteristics.
Only dual polarization antenna arrays have been considered.
The principles for improving the cross-polarization suppres-
sion can also be used in single polarization arrays [7]. Further-
more, it is believed that the principles may find application in
reflectarrays.
We have considered only radiation pattern properties, and
not issues related to feeding the radiating elements. It is well
known that the network feeding the two elements in a mirrored
pair can be designed to cancel the coupling between the -
and -ports [2]. This effect is very important when designing
arrays with good cross-polarization suppression using, for
instance, microstrip patches fed by a passive microstrip feed
network. If the array consists of active T/R modules (each
using a single element as radiator) the issue of isolation
between ports is no longer meaningful, but the array radiation
pattern can still be improved using the methods described in
this paper.
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